ABSTRACT: The diffusion behavior of biological components in cellular membranes is vital to the function of cells. By collapsing the complexity of planar 2D membranes down to one dimension, fundamental investigations of bimolecular behavior become possible in one dimension. Here we develop lipid nanolithography methods to produce membranes, under fluid, with widths as low as 6 nm but extending to microns in length. We find reduced lipid mobility, as the width is reduced below 50 nm, suggesting different lipid packing in the vicinity of boundaries. The insertion of a membrane protein, M2, into these systems, allowed characterization of protein diffusion using high-speed AFM to demonstrate the first membrane protein 1D random walk. These quasi-1D lipid bilayers are ideal for testing and understanding fundamental concepts about the roles of dimensionality and size on physical properties of membranes from energy transfer to lipid packing.
C ell membranes provide complex and dynamic platforms for the organization of membrane components into functional assemblies to perform biologically important reactions. This makes membranes extremely attractive as platforms for bionanotechnology, and progress in the ability to reconstruct lipid membranes with biological functionality is highly sought after. Advances in supported lipid bilayer based membrane-mimicking systems have enabled a broad range of research from fundamental studies of intercellular signaling to biofuel cells. 1−6 To gain greater control and understanding of membrane components, we target the minimum size limit to the construction of free-standing supported lipid bilayers in one dimension. Lenhert et al. developed a dip-pen nanolithography method for patterning bilayer/multibilayers and were able to "write" bilayer patterns with feature sizes down to the micron level, under fluid, or to 100 nm under careful humidity in air. 7−9 Using an inverse "nanoshaving" technique, Cremer et al. etched 55 nm gaps into a BSA layer with an AFM tip and formed a lipid bilayer by backfilling these etched regions via vesicle fusion. 10 However, attempts to form lipid structures with dimensions less than 55 nm were unsuccessful, leading to the suggestion that they may have found the limit at which the smallest supported membranes could be produced, determined by the interplay between line tension and the work of adhesion. 10 Here we present a simple, highly reproducible tip based lithography approach that is able to produce stable supported lipid bilayers under fluid with feature sizes down to 6 nm. These ultralow dimensional membrane structures are created by priming AFM tips with a lipid coating, rinsing to remove excess lipid and then imaging the surface under fluid conditions ( Figure 1A) . Further it is possible to write single phase, fluid-or gel-phase, and multiphase bilayers ( Figure S1 ). The formation of a biomimetic two-phase bilayer system formed from DOPC−sphingomyelin−cholesterol is shown in the Movie S1, and the phase separation into liquid ordered and liquid disordered domains is comparable to that observed for systems formed via vesicle fusion ( Figure S1 ).
Inclusion of 2% Texas Red−DHPE lipid in the lipid mix allowed simultaneous visualization of the deposition process using fluorescence and AFM ( Figure 1B ) AFM images of DOPC bilayer stripes with heights of 4.5−5.5 nm and widths of 25 nm are shown in Figure 1C . The minimum continuous bilayer widths observed were 10 ± 2.5 nm wide ( Figure 1D , E) as measured through the full-width-half-maximum, removing the tip convolution created by the 8 nm radius tip which gives a likely width of 6 ± 2.5 nm. The hydrophobic penalty associated with exposing the hydrophobic tails, at the edges of the bilayer, to water causes the bilayer to remodel into a hemimicellar configuration ( Figure 1F ). 11 For a 6−10 nm wide bilayer with ∼2.5 nm of lipid on either side taken up by the edges leaves only 1−5 nm wide regions of planar lipid; thus these systems are in the regime of tens of lipid molecules, or single membrane proteins, wide. Since a significant portion of the lipids are located in edge regions in these systems, this makes them ideal for studying lipid behavior at bilayer boundaries, which is crucial for understanding transient defects formed in cell membranes and hence for a range of important biological processes such as membrane fusion, endocytosis, viral infections, and budding. 12 The energy cost per unit length for reorganizing the lipids at the edge takes the form of edge tension (γ), while the interaction between the bilayer and the surface is given by the adhesion energy (W A ) and normally more than counteracts penalty due to the line tension. 13 For bilayers of width, w, and length, l, these two energies can be equated to find the minimum stable bilayer dimensions:
taking W A to be 3.5 × 10 −3 J/m 2 for PC vesicles adhering to mica 14 and γ to be 27.7 ± 2.5 pN. 15 For l >1μm eq 1 predicts a minimum for the value for w, for a stable DOPC bilayer bound to mica, to be around ∼15 nm, which is consistent with our observations. Figure 2 shows that as tip speed, v, is increased, fewer lipids are deposited and the resulting bilayer stripes are narrower (see Supplementary Figure S2 ), thus providing fine control over stripe width between 10 and 200 nm. The relationship between w and v follows an inverse-square-root relation: w = A/√v, where A is a constant. This behavior suggests that the stripe width is kinetically controlled, i.e., governed the spreading of the bilayer on the surface. This has previously been shown to exhibit square-root-of-time dependence due to competition between a spreading power S and a resistive drag γ s :
taking a contact time of d/v, where d is the tip diameter, the spreading coefficient β can be determined from our fiti ne q2 to give a value of 6 μm 2 /s, which is in reasonable agreement for PC lipids on mica. 16 Lipid membranes are highly dynamic structures, and to function properly the lipids must be able to diffuse freely. Lipid mobility was determined using FRAP (fluorescence recovery after photobleaching) for lipid bilayer stripes of varying width. Figure 3A shows an example of images taken 10 s, 11 min, and 24 min after bleaching an area of nanopatterned bilayer stripes (37 nm wide), shown schematically in Figure 3B . Analysis of the normalized fluorescence intensity curve vs time ( Figure 3C ) allows determination of the lipid diffusion coefficient and mobile fractions using the 1D diffusion equation (Figure 3D ). 19 Finite element analysis simulations of bilayer recovery (Supplementary Figure S4) show the application of the 1D diffusion equation is valid when the bleach spot radius is significantly greater than the width of the bilayer stripe. Lipid Figure 3E ), in agreement with our own measurements of macroscopic 2D DOPC lipid bilayers (0.90 ± 0.10 μm 2 /s) formed on mica. As the stripe width was decreased below 100 nm, the lipid mobility decreases sharply to values around 0.3 ± 0.1 μm 2 /s for bilayers with widths of ∼35 nm. The mobile fraction varied in the range from 0.86 to 0.98 but showed no correlation with stripe width and with even the thinnest patterns typically giving 0.93. The decrease in diffusion coefficient with stripe width likely reflects the increase in bilayer fraction taken up by lipids, in the micellar caps, plus small fluctuations in bilayer width. The literature, based on both experiment and simulation, has been split over whether the lipid should be more "ordered" or "disordered" in these micellar caps, with perhaps a growing evidence that the presence of a membrane edge leads to higher density and reduced mobility. 11,20−22 How far this region of reduced mobility propagates into the bilayer has hitherto been undetermined. If the region of reduced mobility propagates a distance δx from the bilayer edge, then we would expect a dramatic reduction in mobility when the bilayer stripe width approaches 2δx. Our results, Figure 3D , show that this reduced lipid mobility occurs for stripe widths less than 50 nm implying that the influence of the reduced mobility region extends for up to 25 nm from the bilayer edge ( Figure 3E ). Measurements of lipid bilayer height show that for decreasing bilayer width the height also decreases for widths less than 50 nm (Supplementary Figure S5 ). This decrease in height suggests conformational changes in lipid packing; however, typically we expect bilayers to increase in thickness with increased order and thus our data on decreasing height may suggest a tilted phase is induced at bilayer edges.
The controlled formation of bilayer stripes whose widths are sub 100 nm allows the investigation into effects of confinement on protein−lipid and protein−protein interactions, for integral and or peripheral membrane proteins. As a first demonstration of this, we have followed the insertion of the integral membrane protein M2, of the influenza virus that forms a pH sensitive proton channel in the viral lipid membrane and is essential for viral replication. 23 AFM height measurements of M2 in a supported lipid membrane show an average protrusion of 2 nm ( Figure 4C ) which is consistent with previous AFM in DPPC bilayers 24 and structural data. 23 High speed AFM scanning, at 0.25 frames per second, shows protein diffusion in bilayers of varying widths ( Figure 4A , B and Supplementary Movies S2, S3). The typical step distance between frames range from 0 to 150 nm. x−y displacement plots with time ( Figure 4D, E) for the examples given in Supplementary Movies S2, S3 show that the M2 diffuses nonbiasedly along the thin bilayer stripes. Analysis of the mean squared displacement with time of the proteins gives 1D diffusion constants of 300 and 260 ± 30 nm 2 /s for the 30 and 55 nm channels, respectively. The maximum velocities of the M2 protein, at 34 nm/s, are consistent with high-speed AFM data of other membrane proteins in 2D membranes. 25 Despite little difference in protein diffusion constant in the 2 different channel widths, it is clear to see in Figure 4D that the diffusion is confined within the central region of the bilayer stripes, supporting the idea that the lipid is Figure S3 . (E) Schematic representation showing the reduced mobility propagating a distance δx (∼25 nm) from the bilayer edges leading to the decrease in diffusion constants observed below 100 nm.
more densely packed at the bilayer edge. Plots of displacement probability for a 1D random walk for purely random systems have a Gaussian profile. Figure 4F ,G shows the displacement frequency along the channel axis. In the wider of the two channels ( Figure 4F ) the highest residency time is found in the widest parts of the channel, while the remaining regions generally obey Gaussian behavior about 0 displacement. In the thinner channel ( Figure 4G ) we find a double peaked distribution caused by the protein to becoming trapped in the thinnest region of the channel at −50 nm displacement. Figure 4G also shows the protein spends a large amount of time in the widest region of the channel due to lateral diffusion not in the channel direction.
In summary, we have shown a simple method forming stable patterned lipid membranes at length scales significantly less than previously observed and at the theoretically predicted limit for supported membrane stability. By measuring lipid diffusion in such patterned bilayers, we have shown that the lipid molecules undergo a sharp transition from 2D to 1D behavior as the pattern width reduces below 50 nm, suggesting that lipid ordering is different close to the edges of the bilayer patterns and that this ordering has an influence up to 25 nm from the bilayer edge. This has potential implications for pore/defect formation in membranes, processes that naturally occur in their vicinity, and for enhanced drug delivery using membrane poration techniques. Our data suggests that in the vicinity of the membrane edges the otherwise disordered lipids are in a more ordered, tilted, phase. Observation of the diffusion of the transmembrane protein, M2, in these nanopatterned bilayer stripes suggests there may be an optimum width of the mobile lipid region for enhanced diffusion. In 2D membranes (stripe width >100 nm) and in membranes of very restricted dimension (<25 nm) the directional diffusion of the protein is restricted for different reasons, either due to the dimensionality or due to the change in physical behavior of the lipids. Our work opens the way to watching biological processes on the scale of individual molecules, including conformation, chemistry, and organization. More importantly, it provides a model system for studying the role of dimensionality in biological processes, including photosynthesis, catalytic processes at membranes, and exchange of species between cells and their surroundings, in which the dynamic behavior of lipid membranes are key. 
